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Singly charged negative atomic ions exist in the gas phase and are of fundamental importance in
atomic and molecular physics. However, theoretical calculations and experimental results clearly
exclude the existence of any stable doubly-negatively-charged atomic ion in the gas phase, only one
electron can be added to a free atom in the gas phase. In this report, using the high-frequency
Floquet theory, we predict that in a linear superintense laser field one can stabilize multiply charged
negative atomic ions in the gas phase. We present self-consistent field calculations for the linear
superintense laser fields needed to bind extra one and two electrons to form He−, He2−, and Li2−,
with detachment energies dependent on the laser intensity and maximal values of 1.2, 0.12, and
0.13 eV, respectively. The fields and frequencies needed for binding extra electrons are within
experimental reach. This method of stabilization is general and can be used to predict stability of
larger multiply charged negative atomic ions. © 2006 American Institute of Physics.
DOI: 10.1063/1.2207619
Singly charged negative ions in the gas phase are of
fundamental importance in atomic and molecular physics
and have attracted considerable experimental and theoretical
attention over the past decades.1–8 With the advancement of
spectroscopic and theoretical methods, new atomic ions such
as Ca− and Sr− with small electron affinities about 40 meV
have been found to be stable.9,10 However, the existence of
gas-phase doubly charged atomic negative ions has remained
a matter of some controversy.6 In the sixties and seventies,
there were several experiments, which claimed the detection
of doubly charged atomic ions, but most of these observa-
tions have been shown to be artifacts, and no evidence of
atomic dianions were observed.11,12 Theoretically, Lieb13 for-
mulated an upper bound for the maximum number of elec-
trons, Nc, that can be bound to an atomic nucleus of charge
Z, Nc2Z. This inequality gives the first proof that H2− is
not stable, which is in agreement with experiments11 and
many ab initio studies.3 There are many ab initio and density
functional calculations2 of the electron affinities. Recently,14
we have calculated the critical nuclear charges for atoms up
to N=86, where N is the number of electrons, the results
clearly exclude the existence of any stable doubly negatively
charged atomic ions in the gas phase.14,15 However, these
systems might be stable in very intense magnetic fields.16–18
Small dianions such as O2− or CO3
2− are very common in
solution and solid-state chemistry, but are unstable in the gas
phase.6 Thus, there is still an open question concerning the
smallest molecule that can bind two or more excess electrons
with both electronic, against electron detachment, and ther-
modynamic, against fragmentation, stability.19 A number of
multiply-charged anions with relatively large size, more than
ten atoms, have been observed in the gas phase. However,
experimentally there are only a few stable small dianions,6






and most recently found, four penta-atomic dian-
ions, PtX4
2− and PdX4
2− X=C1 and Br.19 Extensive theoret-
ical work has been carried out on small gaseous multiply-
charged anions such as alkali-halides MX3
2−,22 mixed








and small carbon cluster dianions.25–27
On the other hand, it has been shown recently that su-
perintense radiation fields of sufficiently high frequency can
have large effects on the structure, stability, and ionization of
atoms.28–33 One of the most intriguing results of Gavrila and
his co-workers is the possibility to have multiply charged
negative ions of hydrogen by superintense laser fields.34 This
kind of stabilization phenomena has not been observed so far
by any experiment, due to the need for superintense radiation
fields. There are, however, experiments demonstrating light-
induced stabilization against photoionization when the atom
is initially prepared in a Rydberg state.35
A classical interpretation for the stabilization which en-
ables an atom to bind many additional electrons has been
given by Vorobeichik et al.36 They showed that for suffi-
ciently large value of 0=E0 /2, where E0 and  are the
amplitude and frequency of the laser field, the frequency
associated with the motion of the particle in the time-
averaged potential V0, is much smaller than the laser fre-
quency and, therefore, the mean field approach is applicable.
aAuthor to whom correspondence should be addressed. Electronic mail:
kais@purdue.edu
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Moiseyev and Cederbaum have shown that the stabilization
effect takes place at increasing field strengths when first, the
photoionization rate decreases and second, electron correla-
tion and hence autoionization is suppressed.38 For one-
electron atoms/ions, Pont et al.37 have shown that by increas-
ing 0, the electronic eigenfunctions of the “dressed”
potential of an atom in high intense laser field and the cor-
responding charge densities are split into two lobes located
around the end points of the nuclear charge, which is
smeared along a line. This phenomenon has been termed a
dichotomy of the atom. Within the framework of the dipole
approximation, the two charges are equal to half the atomic
nuclear charge and are separated by a distance R=20.
Transferring this approximation to the helium atom in strong
laser fields, it is described as a “hydrogen molecule” where
the distance between the two “hydrogen atoms” is controlled
by the field intensity. It is known in quantum chemistry that
the electronic correlation is reduced in the course of the
breaking of a chemical bond. Namely, atoms in high intense
linearly polarized laser fields behave like homonuclear di-
atomic molecules where the bond length can be controlled by
the laser field intensity. For sufficiently high laser intensity,
“dissociation” takes place due to the suppression of the elec-
tronic correlation and an atom with atomic number Z be-
haves in a high intensity laser field as two separate virtual
atoms each one of them associated with an effective atomic
number Z /2. For example, the helium atom in a sufficiently
strong linear laser field behaves like two virtual noninteract-
ing hydrogens and therefore can bind one or even two more
electrons since H− has a ground bound state. This idea stands
behind our present work. Here we carry out ab initio calcu-
lations for many electron atoms where the full electronic
correlation is taken into consideration. The interaction with
the laser field is taken into consideration by including the
exact expression of the dressed potential in our numerical
calculations.
A monochromatic field of electric field vector has the
following form: Et=E0e1cos t+e2tan  sin t with
e j j=1,2 unit vectors orthogonal to each other and to the
propagation direction, =0 corresponds to linear polariza-
tion, and = ± /4 to circular polarization. The high-
frequency Floquet theory proceeds from the space translated
version of the time-dependent Schrodinger equation which
for N-electron atoms reads28

i=1
N 12Pi2 − Zri + t + j=1
i−1 1




where t= 0 /E0Et with 0 /E0=1/ me2. This equa-
tion refers to a coordinate frame translated by t with re-
spect to the laboratory frame. By using the Floquet ansatz




N 12Pi2 + V0ri,0 + j=1
i−1 1
ri − r j
	 = 0 . 2
Here V0, the “dressed” Coulomb potential, is the time aver-








For linear polarization, the “dressed” potential V0 is
equivalent to that of a linear charge with a relative larger
charge density near the two end points and a smaller one
FIG. 1. The dressed Coulomb potential, −V0r ,0, for the He at 0=11.
FIG. 2. Electronic charge distribution for He−, He2−,
Li−, and Li2− in linearly polarized along the z axis
laser fields at their 0critical=11,82,16, and 105 a .u., re-
spectively. Note that there is no overlap of the orbitals.
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near the center. The length of the linear charge is 20. In a




rA · rB−1/2K1 − rˆA · rˆB2 1/2	 , 4
where A and B are the two foci of the system two end points
of the linear charge. Z is the nuclear charge and K is ellip-
tical integral of the first kind. In Fig. 1 we show the potential
V00 ,r along the polarization field direction for He at fixed
value of 0=11 a .u. This functional form is typical for all
systems used in this report.
Since it is a two-center system, the standard basis sets of
elliptical functions are used here and have the following
form:
	,




where p, q, and m are non-negative integers, and  is a
variational parameter which will be used to optimize the nu-
merical results, and 	, 
, and  are prolate spheroidal coor-
dinates with 	= rA+rB /20 and 
= rA−rB /20.
Now we can proceed by using the self-consistent field
method to obtain the ground state energy and wave function
of a given atom with a nuclear charge Z in a laser field. Then
we find the critical value of 0 for binding N-electrons to
such a given atom. As long as N0N−10, one of
the electrons on the N-electron ion autodetaches and there-
fore the atomic multiply charged negative ions are unstable.
In order to determine the stability of an atomic multiply
charged negative ion, we define 0
critical for which the detach-
ment energy DN0
critical=0. The detachment energy is the
energy required to detach one of the N electrons from an ion
at a particular value of 0, DN0=N−10−N0.
Therefore we can find the critical value of 0 for which
DN0
critical=0. For values of 0 larger than the 0
critical
, none
of the N electrons will autodetach, and the N-electron atomic
multiply-charged negative ion supports a bound state.
We evaluated all the matrix elements by numerical meth-
ods. By self-consistent field methods we finally obtain the
ground state energies and wave functions of He−, He2−, Li−,
and Li2− which are shown in Fig. 2. Note that Li− does exist
in a field-free space; it was included only for comparison. We
start the self-consistent field calculation by fixing all elec-
trons with the same distance along the linear charge and it
takes only a few iterations to reach equilibrium. We used a
basis set of 81 basis functions which is accurate enough to
describe the ground state wave function of these systems. It
turns out that there is no overlap between the orbitals of
different electrons as seen in Fig. 2, so the spin exchange
term is not considered here. Finally we obtained the critical
laser parameters to make He−, He2−, Li−, and Li2− bound.
They are 11, 82, 16, and 105 a .u., respectively. That means
He−, He2−, Li−, and Li2− will be in bound states when the 0
of the laser field is larger than their critical parameters. When
0 of the laser field is large enough, these systems can bind
even more electrons.
The detachment energy as a function of 0 for He2− and
Li2− is shown in Fig. 3. It is interesting to see the resem-
blance of the detachment energy curves to the potential en-
ergy curves for their equivalent diatomic molecules. 0
maximum
is the 0 with maximal detachment energy. The values are
listed in Table I, which are 26, 180, 42, and 250 a .u. and the
detachment energies at these points are 1.2, 0.12, 1.2, and
0.13 eV for He−, He2−, Li−, and Li2−, respectively. The fields
and frequencies needed for binding extra electrons are within
experimental reach. For example, when ultra-high-power
KrF laser 5 eV photons are used, the peak intensity in the
experiments should be I1016W / cm2 see Table I. The high
TABLE I. Critical parameters for stability of He−, He2−, Li−, and Li2− in superintense laser fields. The intensity
is determined by the following equation: IW / cm2= E0a .u . 23.5091016, where E0=20, we choose
=5 eV, see the text for more details.
0
criticala .u .  IcriticalW / cm2 0maximuma .u .  ImaximumW / cm2
Detachment
energy eV
He− 11 4.81015 26 2.71016 1.2
He2− 82 2.71017 180 1.31018 0.12
Li− 16 1.01016 42 7.11016 1.2
Li2− 105 4.41017 260 2.71018 0.13
FIG. 3. Negative of the detachment energy in a.u. of the ground state of
He2− and Li2− in a linearly polarized high-frequency laser field as a function
of 0=E0 /2, where E0 and  are the amplitude and frequency of the laser
field. The maximum values of 0maximum are given along with the detachment
energies.
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frequency field approximation holds when the field oscillates
much faster than the electrons, e /L1. On the basis of
semiclassical arguments we estimate the electron motion fre-
quency by calculating the electronic excitation of the atom in
the presence of the field, e= E1−E0 /. The excitation en-
ergy for He− is 1.3 eV and for Li−, 2.04 eV which is smaller
than the laser frequency 5 eV. For He−− and Li−− the e /L
is much smaller than the He− and Li−. Therefore, our results
clearly show that we are indeed in the high frequency regime
and the electronic oscillations in the presence of the strong
laser field are much smaller than the laser frequency. At such
high frequency the time-averaged “dressed” potential, V0, is
the dominant term and therefore this approach is applicable.
When free electron lasers are used the frequency gets much
larger values and the superintense laser fields should be ap-
plied.
In summary, we predicted new stable multiply-charged
negative atomic ions in linearly polarized superintense laser
fields. This method of stabilization is general, within experi-
mental reach and can be used to predict stability of larger
multiply-charged negative atomic ions.
We would like to acknowledge the financial support of
the National Science Foundation and the Israel Science
Foundation. One of the author S.K. thanks the John Simon
Guggenheim Memorial Foundation for financial support,
Professor R. N. Zare for his hospitality during a visit with his
group where part of this work has been done and Professor
Daniel Elliott for discussions.
1 H. S. Massey, Negative Ions, 3rd ed. Cambridge University Press, Lon-
don, 1976.
2 H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 15, 1 1985.
3 D. R. Bates, Adv. At., Mol., Opt. Phys. 27, 1 1990.
4 R. N. L. Compton, Negative Ions (Atomic Negative Ions), edited by V.
Esaulov Cambridge University Press, Cambridge, 1994.
5 R. S. Berry, Chem. Rev. Washington, D.C. 69, 533 1969.
6 M. K. Scheller, R. N. Compton, and L. S. Cederbaum, Science 270, 1160
1995.
7 K. A. Hanold, M. C. Garner, and R. E. Continetti, Phys. Rev. Lett. 77,
3335 1996.
8 C. R. Sherwood, K. A. Hanold, M. C. Garner, K. M. Strong, and R. E.
Continetti, J. Chem. Phys. 105, 10803 1996.
9 D. J. Pegg, J. S. Thompson, R. N. Compton, and G. D. Alton, Phys. Rev.
Lett. 59, 2267 1987.
10 D. Berkovits, E. Boaretto, S. Ghelberg, O. Heber, and M. Paul, Phys.
Rev. Lett. 75, 414 1995.
11 K. H. Chang, R. D. Mckeown, R. G. Milner, and J. Labrenz, Phys. Rev.
A 35, 3949 1987.
12 D. Spence, W. A. Chupka, and C. M. Stevens, Phys. Rev. A 26, 654
1982.
13 E. H. Lieb, Phys. Rev. Lett. 52, 315 1984.
14 A. V. Sergeev and S. Kais, Int. J. Quantum Chem. 75, 533 1999.
15 S. Kais and P. Serra, Adv. Chem. Phys. 125, 1 2003.
16 G. R. Freeman and N. H. March, J. Phys. Chem. 100, 4331 1996.
17 A. Dreuw and L. S. Cederbaum, Chem. Rev. Washington, D.C. 102,
181 2002.
18 V. G. Bezchastnov, P. Schmelcher, and L. S. Cederbaum, Phys. Chem.
Chem. Phys. 5, 4981 2003.
19 X. B. Wang and L. S. Wang, Phys. Rev. Lett. 83, 3402 1999.
20 S. N. Schauer, P. Williams, and R. N. Compton, Phys. Rev. Lett. 65, 625
1990.
21 A. T. Blades and P. Kebarle, J. Am. Chem. Soc. 116, 10761 1994.
22 M. K. Scheller and L. S. Cederbaum, J. Chem. Phys. 99, 441 1993.
23 A. Dreuw and L. S. Cederbaum, J. Chem. Phys. 112, 7400 2000.
24 A. I. Boldyrev and J. Simons, J. Chem. Phys. 98, 4745 1993.
25 O. Dolgounitcheva, V. G. Zakrzewski, and J. V. Ortiz, J. Chem. Phys.
109, 87 1998.
26 J. D. Watts and R. Bartlett, J. Chem. Phys. 97, 3445 1992.
27 Q. Shi and S. Kais, Mol. Phys. 100, 475 2002.
28 For an overview of superintense high-frequency phenomena, treated with
the high-frequency Floquet theory, see M. Gavrila, in Atoms in Super
Intense Laser Fields, edited by M. Gavrila Academic, New York, 1992,
p. 435.
29 E. van Duijn, M. Gavrila, and H. G. Muller, Phys. Rev. Lett. 77, 3759
1996.
30 N. Moiseyev and F. Weinhold, Phys. Rev. Lett. 78, 2100 1997.
31 N. Moiseyev and L. S. Cederbaum, J. Phys. B 32, L279 1999.
32 I. Gilary and N. Moiseyev, Phys. Rev. A 66, 063415 2002.
33 I. Gilary, N. Moiseyev, S. Rahav, and S. Fishman, J. Phys. A 36, L409
1003.
34 E. van Duijn, M. Gavrila, and H. G. Muller, Phys. Rev. Lett. 77, 3759
1996.
35 N. J. van Druten, R. C. Constantinescu, J. M. Schins, H. Nieuwenhuize,
and H. G. Muller, Phys. Rev. A 55, 622 1997; M. P. de Boer, J. H.
Hoogenraad, R. B. Vrijen, R. C. Constantinescu, L. D. Noordam, and H.
G. Muller, ibid. 50, 4085 1994.
36 I. Vorobeichik, R. Lefebvre, and N. Moiseyev, Europhys. Lett. 41, 111
1998.
37 M. Pont, N. R. Walet, M. Gavrila, and C. W. McCurdy, Phys. Rev. Lett.
61, 939 1988.
38 N. Moiseyev and L. S. Cederbaum, J. Phys. B 32, L279 1999.
201108-4 Wei, Kais, and Moiseyev J. Chem. Phys. 124, 201108 2006
Downloaded 27 Nov 2007 to 128.46.220.88. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
